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Success of QCD factorization (single scattering) 

§  Recall: Structure function in Deep Inelastic Scattering 
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Success of QCD factorization (single scattering) 
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§  Prediction: single inclusive jet production in pp collisions 
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§  Complements to DIS 
Flavor separation of partonic contribution 

§  Opportunity to study hadronization 
Probe of nuclear medium properties  
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§  NLO - SIDIS: 

Four possible regions of gluon momentum: 
1. collinear to initial quark (PDF) 
2. collinear to final quark (FF) 
3. soft (IR singularities cancel) 
4. hard (NLO correction) 



§  DGLAP evolution 
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§  Redefinition of nonperturbative function 

n = 4� 2✏
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SIDIS: probe for nuclear medium effect 

  Scattered parton interacts with the medium coherently: 

  Multiple scattering with/out radiation: 

Long-distance fragmentation"
Short-distance hard scattering"

First scattering determines the parton "
production rate"

Induced radiation modifies the fragmentation  "

Modifies DGLAP evolution of the !
Fragmentation function – “energy loss”"

Guo & Wang PRL 2000, …"
Wang & Wang, PRL 2002, … "

SIDIS: probe of nuclear medium effect 
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the vacuum fragmentation functions at Q2
0. We also use the

corresponding averaged values of Q2 and ν for each bin of z
according to that in the HERMES experiment. The calculated
results agree with the HERMES data quite well for pions and
kaons for small and intermediate values of z. At large values
of z the agreement is not so good, possibly due to other effects
such as hadronic interaction [46, 47] that are not considered in
our study. The theoretical results also over-estimate the sup-
pression for protons and under-estimate the suppression for

anti-protons. This might be related to the non-perturbative
baryon transport in hadronic processes [48] and hadronic in-
teraction since baryons’ formation can be shorter than that for
pions and kaons. We have also neglected quark- anti-quark an-
nihilation contribution to the mDGLAP evolution equations.
These processes will affect the medium modification of anti-
quarks and will likely improve the modification factor for anti-
proton spectra.

0 0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1
+π

z

Ah
R

/fm2=0.025 GeVq
/fm2=0.020 GeVq
/fm2=0.015 GeVq

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1
-π

z

Ne

Kr
(-0.05)

Xe
(-0.2)

<E>=10.742~18.358 GeV
2>=2.252~2.655 GeV2<Q

0 0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1
+K

z

Ah
R

/fm2=0.025 GeVq
/fm2=0.020 GeVq
/fm2=0.015 GeVq

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1
-K

z

Ne
Kr

(-0.05)

Xe
(-0.2)

<E>=10.742~18.358 GeV
2>=2.252~2.655 GeV2<Q

0 0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1 P

z

Ah
R

/fm2=0.025 GeVq
/fm2=0.020 GeVq
/fm2=0.015 GeVq

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1 P

z

Ne

Kr
(-0.05)

Xe
(-0.2)

<E>=10.742~18.358 GeV
2>=2.252~2.655 GeV2<Q

FIG. 2: (color online) The z dependence of calculated Rh
A for pions (top), kaons (middle), protons and anti-protons (bottom panel) with the

convoluted initial condition for different values of q̂0 compared with HERMES data[42] for Ne, Kr and Xe targets. For clarity, values of Rh
A

for Kr and Xe targets are displaced by -0.05 and -0.2, respectively.

We can also calculate Rh
A as a function of initial quark en-

ergy E for a given range of z and Q2. Again, the range of z
and Q2 varies with the value of E. The results are compared
with the HERMES experimental data in Fig. 3. The agree-

Energy loss in cold nuclear matter 

Chang, Deng, Wang, PRC 2014 



Transverse momentum broadening 
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Double scattering - leading contribution to TMB 
Easy to measure, perturbatively calculable 
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HERMES: Phys.Lett. B684 (2010) 114 

§  Transverse momentum broadening (TMB) 
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Single scattering Double scattering 

Double scattering in SIDIS 
  - Final state multiple scattering  

§  Twist-4 factorization formalism  Qiu, Sterman 1990s 

�D ⇠ Tqg ⌦H4 ⌦Dh
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Double scattering leading order 

§  Leading order contribution 

q  T-4 q-g correlation 

Provide a way to measure the T-4 quark-gluon correlation function. 

Guo, 1998; Guo, Qiu 2000 
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Double scattering NLO 
§  Virtual (7 diagrams) 

§  Real (69 diagrams)  

q-g double scattering  q-g single-triple interference g-g double scattering 

H H H H H H

Kang, Wang, Wang, Xing, PRL 112, 102001 (2014) 



§  Soft divergence: p_g --> 0 

Real + virtual = 0 

12 

§  collinear divergence I: p_g // p_q 

DGLAP of FF 

MS
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Phase space identification and renormalization 

n = 4� 2✏
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§  collinear divergence II: p_g // k_q 
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Redefinition of T-4 quark-gluon correlation function 

Pqg!qg ⌦ Tqg

⌘ Pqq(x̂)Tqg(x, 0, 0) +
CA

2

⇢
4

(1� x̂)+
Tqg(xB , x� xB , 0)

� 1 + x̂

(1� x̂)+

⇥
Tqg(x, 0, xB � x) + Tqg(xB , x� xB , x� xB)

⇤�

+ 2CA�(1� x̂)Tqg(x, 0, 0)



14 14 

Full NLO at twist-4 in SIDIS 
§  Factorization 
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Multiple scattering hard part coefficients and medium properties can be factorized!!! 

nonperturbative 

perturbative 

nonperturbative 



15 

§  Evolution equation for q-g correlation function - NEW 
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§  SIDIS VS DY: Final state vs initial state 

Same renormalization result for q-g 
correlation function at NLO , indicating 
qhat is universal, independent of the hard 
process. 
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Discussion - Evolution of jet transport parameter 

§  Related to jet transport parameter 

§  Evolution equation of jet transport parameter 

1.  Soft radiation limit (        ) 

J. Casalderrey-Solana and X.-N. Wang (2008) 
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2.   Evolution of qhat in intermediate-x 

Energy dependence à consistent with earlier expectation 
     J. Casalderrey-Solana and X.-N. Wang (2008) 
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Different channels to probe T-4 parton-parton correlation function 
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Transverse momentum imbalance for back-to-back particle in pA and eA collisions 
Xing et al, PRD 86, 094010 (2012) 

Kang, Qiu  08, 12 
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Summary 

§  Verify QCD factorization beyond leading twist 

§  Identify QCD evolution of nuclear q-g correlation 
function 

§  Probe QCD dynamics for multiple scattering 


